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METASTABLE ALLOY PHASES PREPARED BY SOUID STATE REACTIONS
AND BALL MILLING

R. B. Schwarz
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ABSTRACT

The main methods of synthesis of amorphous metallic alloys are based on (a)
the rapid solidificetion of alloys from the liquid or vapor phase, (b) solid
state Interdiffusion reactions hetween pure metals having negative heats of
rixing, and (c¢) mechaniczl attrition of a crystalline intermetallics. The
firgt method received a major impetus in 1960 with the experiments of Pol
Duwez and co-workers. We describe methods (b) and (c¢), developed around
1983, and we discuss recent advances in the understanding of the glass
forming ranges for the three methods of synthesis.
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INTRODUCTION

Mctastable non-crystalline solid phases can be produced by a variety of
tochniques, including (a) solidification from the liquid or vapor phases,
(b) solid state reactions between pure elements, (c) mechanical deformation
of crystall .ne lattices, (d) deposition from a chemical! solution, and (e)
high-energy ion-, electron-, or neutron bombardment of crystalline
materlals,

Non-crystalline sollds formed "y continuous cooling from the liquid state
are commonly known as plasses. lonle snd covalent glasses often form when
the corresponding melt fafls to crystallize during relatively slow cooling,.
In these, the directional nature of the Inter-atomic bends lwlts the vate
at which the atoms or molecules can rearrvinge to maintain thermodynamie
cquilibrium during cooling, ang thus the melt solidifies Into a plass even
at cooling rates as low as 1077 K &7 7, Metallie melts, in contrast, have
non-dlirectional bonding, and thus exhibit far lees reslatance to crystalljee
avd co not forn plasses unless cooled at much higher rotes, Buckel and

M lsch (19%4) demonss rated that amorphous thin tilms of pure metals could he
formed by condensing the metal vapor onto a cyopentceally cooled sabstrate,



a process that gives an equivalent cooling rate of the order of 10!'2 K 57!,
In these films the amorphous phase was most likely stabilized by impurities.
The removal of the impurities lowers the crystallization temperature, T,
and in some cases prevents the formation of amorphous films of pure metals
even for substrates kept at 4 °K. The field of amorphous alloys grew at a
fast rate following the experiments of Pol Duwez and co-workers (1960) who
developed a variety of tichniques to rapidly solidify alloy melts at cooling
rates of 10% to 10® K s™*. It soon became apparent that the glass forming
range (GFR) of metallic alloys is strongly composition dependent, being
easier to form metallic glasses near the compositions of deep eutectics in
the phase diagram. At these compositions the temperature interval between
the liquidus, T,, and the glass transition temperature, , 1s reduced so
that the probability of being able to cool tbe melt through the interval
without inducing crystallization is enhan:ed. Thus, there is a tendency for
the GFR to vary inversely with the reduced glass transition temperature,

T, = T,/Ty. For alloys with low T, , the required cooling rates to avoid
crystal ization are large and thus o%e dimension of the amorphous produit
must be small (50 um or less for cooling rates of the order of 10 Kk s

For alloys with large T such as Pd gNi,gPyq (T, , = 0.67), the cooling
rate requirement is rela%ed allowing the hreparatign of cm-size amorphous
samples at cooling rates of few K s (Drehman, Greer, and Turnbull, 1982).

New methods of synthesis of amorphous metallic alloys have been developed
over the last 10 years that are based on solid state reactions and on
mecharical deformation. Contrary to the rapid solidification technique, the
newer methods are performed at a constant temperature that is lower than the
crystallization temperature of the amorphous alloy to be formed. Malik and
Wallace (1977) and Yeh, Samwer and Johnson (1983) showed that the reaction
of certain crystalline intermetallics with hydrogen leads to the formation
on an amorphous hydride. 1In 1983, Schwarz and Johnson demonstrated that
amorphous La-Au alloy films can be formed by a low thermal anneal of
crystalline thin films of pure lanthanum and gold. White (1979) and Koch
and co-workers (1983) demonstrated that amorphous alloy powders can be
prepared by .anechanically alloying a mixture of powders of two pure metals.
In the following sections we describe the synthesis of amorphous thin films
by inte diffusion reactions and the synthesis of amorphous metallic powders
by mechanical alloying. Various other aspects of the crystal to glass
transformations in metallic materials have been reviewed by Johnson (19%86).

AMORFHOUS THIN FILMS PREPARFD BY SOLID-STATE REACTIONS

The solid state amorphizing reaction (SSAR) method requires clean (oxide
free) Interfaces between two reacting metals. Such interfaces can bd
obtained by depositing crystalline thin films of metais A and B {n a hiph
vacuum, Typically, films of a few tenths of a nm in thickness can he fully
reacted within a few hours. Stacks of alternating thin films, as shown in
Fig. 1, allow for the synthesis of thick amorphous layers. The chosen
reactfon temperature, T., is a few tens to a few hundred Kelvin lower than
Ty,. Three requirements have been proposed for the SSAR (Schwarz and
Johnson, 1983, Schwarz, 1986): (1) metals A and B must have a larpge negative
heat of mixing in the amorphous phase, (?) metals A and B must have vastly
different diffusfvities fn each othe and In the amorphous alloy to be
formed, avd (1) the binary system AB should have no stable crystalline phase
fn which the sub-lattice of the larger atom can be derived by a
diffusionlesy transtformat ton from the crystalline lattice of the larper
atom, The first condition ensures that a thermodynamic driving force to
the reaction exists,  The nepative heat of mixing also favors the reactfion



kinetics by increasing the chemical diffusivities (Darken, 1948). The
second condition ensures that the SSAR will be kinetically favored over the
formation of crystalline intermetallic compounds. This favoring occurs
because one species diffusing in the other and in the amorphous alloy is
sufficient for the SSAR; generally, the formation of intermetallics, which
have crystalline structures quice different from those of the two starting
metals, requires the atomic motion of both species. Thus, a temperature
window opens for the SSAR by choosing a pair of elements with vastly
different diffusivities from each other while in the amorphous phase. The
third condition ensures that the binary system does not have a crystalline
intermetallic that can be formed when the smaller atom diffuses through the
crystalline lattice of the larger one, i.e., by the same mechanism
responsible for the SSAR. 1If this mechanism was possible, the
interdiffusion reaction could lead to forming stable crystalline
intermetallics that have a free energy lower than that of the metastable
amorphous alloy.

Figure 2 illustrates the temperature window for the SSAR, showing the
electrical resistanca, R, of a stack of alternating thin films of Ni and Zr
during the continuous heating from 300 to 1000 K, followed by a cooling to
300 K (Rubin and Schwarz, 1988). The labels (a), (b) and {(c) in this figure
correspond to those in Fig. 1. From (a) to (b), the films do not
interdiffuse and R increases linearly with increasing temperature, which is
expected for pure crystalline metals. At the temperature of (b), an
amorphous alloy begins to form at the Ni/Zr interfaces (see also Fig. 1).
Because the resistivity of the amorphous alloy is larvger than that of the
pure Ni and Zr used to form the alloy, the resistance of the multilayer film
increases. The SSAR ends at (c), when all the Ni and Zr have been consumed
(see Fig. 1)  From (c¢) to (d) the resistance is temperature independent and
agrees with the usual observation that the resistivity of amorphous alloys
is largely temperature independent. At (d) the amorphous alloy formed by
5SAR begins to crystallize and the resistance decreases because the
crystalline order introduced in the alloy allows for an easier electronic
conduction. At point (e) the alloy has reached a thermodynamically stable
state that is impecrvious to further temperature variations. The resistance
of the crystalline alloy has a positive linear temperature dependence, as
expected. The temperature window for the SSAR is v«leurly that between
polnts (b) and (d). 1In the present understanding of the SSAR, point (b)
denotes the onset of Ni diffusion (the smaller atom) in the amorphous alloy,
while peint (d) denotes the onset of Zr diffusion (the larger atom) in the
amorphous alloy.

The SSAR has been observed In a large number of thin film couples. Some
are: Au-La, Au-Ti{, Au-Y, Au-2r, Co-Sn, Co-Zr, Cr-7', Fe-Zr, Ni-Ti{, and Ni-
Zt. These systems clearly satisfy the flrst two re uirements for the SSAR
listed above - they all have a large negative heat of mixing (Niessen and
wt-workers, 1976) and the first element in each pair is an anomalously ftast
diffuser in the crystalilne lattice of the second element (le Claire, 19/8),
Tre requirvement that the two elements hav: vastly different diffusivities in
10 amorphous alloy has only been tested for the Ni-2r system (Cheng,
Nicolet, and Johnson, 198%; Hahn, Averback and Rothman, 1986), where the
diffusivity of Ni in amorphous N{Zr alloy {4 sowe three orders of mapgnitude
larger than that of Zr. Viol-t{ons of the thirc condition for SSARs has
been observed in the Nb-Sn system (Kim and Koekh  [9xxx) and in the Ni.Sn
system (Tiatnen and Schwarz, 1988).

Fipure 3 shows the products of an SSAR fn multilavers of La and Au of
different thickness ratios. The x-rav scattered frtensitfos as a funetlon



of scattering angle are for an unreacted (as deposited) sample (curve d) and
for three samples with different average composition that were annealed in
situ at 70 °C for the times shown in Fig. 3. Curve (a) is for a multilayer
sample whose overall composition was La-rich; (b) is for a sample of near
equi-atomic composition; and sample (c) is for a Au-rich sample (= 80 at. %
Au). Pattern (d) shows the characteristic diffraction peaks of La and Au.
The thermally reacted sample (b) has undergone a nearly complete
transformation to an amorphous alloy. The La-rich and Au-rich samples, (a)
and (c), have formed amorphous alloy coexisting with residual La and Au.

THERMODYNAMIC ASPECTS OF THE SOLID-STATE AMORPHIZING REACTION

Schwarz and Johnson (1983) showed that the products of £SARs and their
homogeneity ranges ~re close to those predicted by a free-energy diagrams
evaluated at the reaction temperature. In these diagrams the amorphous
phase is treated as an undercooled liquid. Experience has shown that free-
energy dlagrams that predict the SSAK products quantitatively are difficult
to construct. The difficulty arises in estimating the difference between
the specific heats of the amorphous and crystalline alloy phases in the
temperature regime between T, and the melting temperature, Because this
difference is not known, %s difficult to calculate the dinerence between
the free energies of the amorphous and crystalline terminal solid solution
phases at the reaction temperature T,. The construction of free energy
d_agrams for specific binary systems are discussed by Schwarz and Johnson
(1983), Schwarz, Petrich, and Sawvw (1985), Saunders and Miodownik (1986),
Z6ltzer and Bormann (1987), and Tiainen and Schwarz (1987). In the present
discussion we will use & simplified free energy diagram.

Figure 4a is ua schematic phase diagram for a birary system, A-B, that has a
negative heat of mixing in the liquid phase. Phases a and f are crystalline
primary solid solutions and phase v is a crystalline intermetallic. Figure
4b shows the free energles of phases a, f, and v ard of the amorphous phase,
A, evaluated at T_. Phase A is treated as an undercooled liquid. 1If the
interdiffusion reaction at the A/B interfaces in Fig. 1 reached a state of
thermodynamic equilibrium, the reaction products wouid be determined by the
common tangents between a, 8, and ¥y in Fig. 4b (these tangents are not
shown). However, {f the reaction temperature is within the temperatu:e
window, insufficient thermal activation exists to promote the nucleation and
growth of the crystalline phase y. In the absence of phase y, the SSAR
products are determined by the common tangents between phases a, f, and A
(shown in Fig. 4b). These tangents predict five reaction products: a
crystalline solid s»lution, a, for 0 < x < X1, a two- -phase product of a(xl)
and X(xz); a single-phase amorphous alloy, A, for x, < x < X4, a two- phase
prodvct of A(xy) and B(x,); and the crystalline son%d solution B, for

X, < x <1, We note chat the GFR for alloys prepared by SSARs is wide and
cont nuous and i{s locat~d near the center of the composition range. For the
La-4u system and 'I'r - 400 K, Xy = 0.2 and Xq = 0.6% (Schwarz and Johnson,
198:).

The glass-forming ranges (CFR) for alloys prepared by SSARs and by the RS of
me ts are quite different. In contrast to the SSAR method, the GFR fir thv
rapid solidiflicacion method at cooling rates of the order of 105

utually fragmented into sevearal narrow regimes located between the
composition of intermetallic compounds that melt congruently. This
fragmentation happens because preventing & molten ailoy from crystallizing
partitionlessly during cooling (without the need tor long-range diffusion)
ia difficult near the compnsitions of these intermetnllics (Nash and
Schwarz, 1987). Furthermore, the liguidus of binary alleys with larpe



negative heats of mixing is usually low (deep eutectics) at compositions
between those of congruent-melting intermetallics. Because T, depends
weakly on alloy composition, T,., is largest near the eutectic compositions
arnd the avoidance of crystallizgtion during the cooling of the liquid is
then easier to achieve. The bands at the bottom of Fig. 4b predict the GFRs
for the SSAR and the RS methods applied to our hypothetical binary system.
For the SSAR method the GFR equals the regime (x,, ) predicted by the
common tangents in the free energy diagram in Fig. Ag For the RS method
the GFR consists of two regimes, (x2 ,xc') and (x " x3'). We have estimated
these regimes qualitatively based on Figs. 4a and 4b and on the notion that
the formation of metallic glass during the continuous cooling of the melt
requires avolding partitionless crystallization. Previous calculations
(Nash and Schwarz, 1988) predict that the values of x X.", and x3'
are determined by the intersections of the T’ curves %or tﬁe three
crystalline phases, a, f, and vy, and the T _-versus composition curve. The
T’ curves are the temperature-composition Eocus for the formation of a given
volume fraction of crystallized material by partitionless crystallization
during the cooling of the melt at a constant rate. Partitionless
crystallization during the RS of melt is thermodynamically driven by the
difference between the free energies of the undercooled liquid and
crystalline phases. Because crystallization must overcome a nucleatjon
barrier, for a finite cooling rate we must have x,' < x ., X.' > x

X" < X, ¥ and X3’ > x,4. Notice that the compositions x,’' and x;’ lie
outside zhe corresponding T -points for the terminal solid solutions, x

and x54, while the extreme compositlons of the amorphous phase formed by the
SSAR, 5 and x5, lie inside the T, -points. Furthermore, with 1ncreasing
cooling rates the amorphous compositlon ranges (x,',x.’') and (x.",x3')
become wider and the gap (x ',x ") may eventually close In contrast to the
results for the RS method, the amorphous phase homogeneity range for the
SSAR method, (x Xa), 18 certainly independent of kinetics (provided the
reaction is carrleg on to completion) and has a weak dependence on T,
(Z8ltzer and Bormann, 1987).

AMORPHOUS ALLOY POWDERS PREPARED BY MECHANICAL ALLOYING

Amorphous metallic alloys in powder form can be produced by mechanical
alloying (MA) (White 1979; Koch et al. 1983; Schwarz et al , 1985; Hellstern
and Schultz, 1986). MA is a high-energy ball milling process that was
developed tor synthesizing dispersion-strengthened alloy powders (Benjamin
and Volin, 1974; Benjamin, 1976). For the synthesis >f amorphous alloy
powders by MA, elemental crystzlline powders are placed into a sealed,
hardened-steel or tungsten carblide container together with balls of the samc
material. The strong agitation of the balls in the container repeatedly
deforms, breaks, anc cold welds the powder particles trapped between
coliiding balls.

To date, the majority of the amorphous powders that have been prepared by MA
are binary alloys of the early-transition metals titanium and zirconium and
various }-d late-transition metals: Ti-(Mn, Fe, Co, NI, Cu) and Zr-(Mn, Fe,
Co, Ni, Cu). Other systems in which amorphous alloy powder was prepared by
MA include Ti-Pd, Nb-Ni, Hf-Al, Sn-N{ and Ti{-Pd-Cu. Amorphous powders
containing metalloids, such as FeggB,q. have been found more difficult to
prepare by MA. For the metal -metal systems, the powder morpholopy chanpes
characteristically with increasing MA time, After a short MA time, most of
the powder in the contalner adheres to the bally and to the contalned walls,
giving them and orange-peel appearance. For a mixture of nlckel and
titanium powders mechanically alloyed for 0.5 h, the free particles have the



flake morphology shown in Fig. 5 (Petrich, 1986). Figure 6 shcws a SEM
micrograph of the cross section of a flake-shape particle. The alternating
dark and light bands correspond to nickel and titanium, respectively. We
believe that the adherence of the powder to the walls of the container and
to the balls, as well as the formation of a layered structure, is a
consequence of the the large chemical affinity of titanium to nickel and
iron. This affinity increases the probability the during the initial
collisions the titanium particles will cold weld to the two late-transition
metals. Following the coating of the balls and walls with titanium, there
is a tendency for the next layer to be of nickel, and so on. The repeated
collisions deforms the coatings and creates the layer structure. With

increasing MA time, the average thickness of the layers decreases (Benjamin,
1976) .

Once most of the alloy is amorphous, there is less tendency for the powder
particles to stick to each other or to the balls and container walls. After
a few hours of MA, the coatings on the balls and container walls break off
and form a powder of spherical particles, as shown in Fig. 7. The cross-
sectional SEM in Fig. 8 shows that the particles are now a single phase and
x-ray diffraction reveals that this phase is amorphous. H. Kimura, M.
Kimura and F. Takada (1988) used a high-energy rotating-arm attritor to
mechanically alloy a mirture of cobalt and zirconium powders. The apparatus
allowed the authors to monitor the temperature of the container and the
torque applied to the rotating arm of the attritor. A plot of the torque
versus MA time shows a sharp maximum after about 0.5 h of MA which the
authors attribute to the ending of the SSAR at the Co-Zr interfaces. After
& h of MA, there is an abrupt drop in both the torque and temperature which
the authors attribute to the ending of the amorphization process and to an
abrupt decrease in the average particle diameter. The signatures in the
torque and temperature traces should correspond to the morphology changes
shown in Figs. 5-8 but, unfortunately, the reported characteristic times
cannot be compared with our measurements obtained using a differenc
attritor,

Figure 9 shows x-ray diffraction patterns for a MA mixture of nickel and
titanium powders in molar ratio 1:2 taken after the MA times indicated in
the figure (Schwarz, Petrich and Saw, 1985). With increasing MA time, the
integrated intansity of the Bragg peaks for the starting pure metals
decreases and {s replaced by the broad diffraction bands characteristic of
the amorphous alloy phase.

As for the case of amorphous thin films prepared by S$SARs, the reaction
products from MA powder mixtures of an early- and a late-transition metal
have been found in good agreement with the predictions from free-energy
diagrams evaluated for the average ball-milling temperature. (See, for
example, Fig. 1 in Schwarz, Petrich and Saw, 1985). This agreement has been
considered supporting evidence to the claim that the amorphization process
during MA involves a solid-state reaction s!milar to that observed in the
thin film experiments. (Schwarz =t al., 1985; Hellstern and Schultz, 1986).
The chemical diffusion necessary for the SSAR at the metal-netal interfaces
(see Fig. 6) is most likely assisted by the excess point and lattice defects
generated by the severe plastic deformation of the pa.:!lcles and by the
momentary temperature increase in the powder varticles trapped between
col'iding balls. Although there are no direc measurements of this
temperature increase, calculations (Schwarz, Petrich and Saw, 1985; Schwarz
and Koch, 1989%) suggest that the temperature {ncrease s at most a few
hundred Kelvin., These calculation rule cut the possihility thet the
amorrphous alloy results from the rapid s ldificatfon of melt pools formed



by the heteroreneous deposition of mechanical energy in the particles
trapped between colliding balls.

For some binary alloy systems the GFR has been measured for both the RS and
the MA synthesis methods. Fig. 10 (from Hellstern, Schultz and Eckert,
1988) shows thce homogeneity ranges of amorphous slloys of zirconium and
three late-transition metals prepared by RS and by MA. Although the
equlilibrium-phase diagrams of these alloys differs significantly from that
in Fig. 4a, the measured GFRs show many of the features predicted by the
simple free energy diagram in Fig. 4b. In tne notaticn of Fig. 4b, Fig. 10
shows that for the three alloys Xy' < xp and X3’ > x3, as predicted by Fig.
4b. In addition, the homogeneity range of the amorphous phase obtained by
MA is continuous while that for the RS method is fragmented into zirconium-
rich and zirconium-poor regimes.

Altliough the synthesis of amorphous powders by MA has been applied to a
large variety cf metal systems, less progress has been made in the
consolidation of these powders into bulk amorphous products. Static
techniques such as hot isostatic pressing are of limited value because it is
difficult to hold the powder for long periods of time at a temperature close
to T, (in order to decrease the viscosity) while preventing its
crys%allization. Dynamic techniques such as shock-wave consolidacion, which
has been succes<fully applied to metastable crystalline alloy powders
(Kasiraj and co-workers, 1984), is much more difficult to apply to amorplous
powders because the amorphous compacts fracture easily during pressure
release. Recently, Shingu (1988) has applied the strained-powder rolling
method to obtain 100% dense amorphous Fe,gB3Sig alloys. In this method the
amorphous mechanically alloy=d powder is nlaced inside a stainless-steel
tube. Its ends are sealed and the tube is dipped into a molten salt bath
kept at a temperature a few tens of Kelvin below T,. After a shcrt
annealing time, the tube is removed from the bath and it is rclled hot.
Densification and consolidation occurs because at temperatures close to Ty
the amorphous alloy has a reduced viscosity.

ISOTHERMAL SYNTHESIS METHODS THAT DO NOT INVOLVE INTERDIFFUSION

The synthesis of amorphous alloys by SSAR and MA, discussed above, involves
a chemical reaction and moss transport. The reaction occurs in response to
a lowering of free energy in the system and involves the long-range
diffusion of one of the species in the other and in the amorphous alloy
phase previously formed. Several synthesis methods for amorphous alloys
have been developed that are based on isothermal solid state transformations
which do not involve composition changes. These methods include (a) the
mechanical grinding of crystalline intermetallics, (b) massive
transformations from a metastable crystalline phase to the amorphous phase
(Von Allmen and Blatter, 1987), and (c) amorphization by irradiation with
energeti- particles such as electrons, neutrons, and ions. In the following
we comment on method (a).

Yermakov, Yurchikov, and Barinov (1981, 1982) reported the formation of
amorphous alloy powders of yttrium and cobalt by the mechanical grinding of
crystalline intermetallics of these elements. The authots attributed the
amorphization to the formation of melt near the particle surfaces, followed
by the rapid solidification of this melt by heat conduction into the cooler
regions of the particles. Schwarz and Koch (1985) showed that amorphous
powders of Ni4,Ti,, and Ni,.Nbo, can be prepared by MA starting from a



mixture of elemental powders or by mechanically grinding (MG) crystalline
powder of the intermetallics NiTi, and NiNb, respectively. Contrary to the
previous work, these authors attributed the formation of the amorphous alloy
by MG to the raising of the free energy of the intermetallic powder as a
result of the accumulation of point and lattice defects and to the
generation of chemical disorder.

Because in many allcy systems the amorphous powder can be produced by either
MA or MG (Lee, Jang, and Koch, 1988), it is logical to ask whether during
the MA of a mixture of powders of metals A and B, the amorphous alloy (AB)am
forms by the direct reaction A + B - (AB)am or through the indirect reaction
A+ B~ (AB)c - (AB)am, which involves the intermediate crystalline phase
(AB) - The {iterature has examples of both reactions. For example, in the
MA o% nickel and titanium powders to form amorphous Ni, ,Ti, with

(0.3 < x < 0.7), Schwarz, Petrich and Saw (1985) found no evidence of the
formation of intermetallic compounds at any stage of MA. On the other hand,
Kim and Koch (19xxx) reported that during the MA of niobium and tin powders
in molar ratio 3:1, a Nb3Sn intermetallic (Al5 structure) forms first which,
with continued ball milling, transforms to an amorphous Nb;gSnyq alloy. An
indirect amorphization reaction was also observed by Tiainen and Schwarz
{1988) during the ball milling of nickel and tin, which we will discuss in
more detail. In the composition range studied (0.2 to 0.4 molar percent
tin), after 2 h of MA the powder was a mixture of crystalline a-nickel and
NigSny,. With increasing MA time, one of the crystalline phases was
progressively consumed with the concurrent formation of amorphous Ni;gSn,g.
Which of the two crystalline phases was consumed depended on the average
alloy composition: for Ni;_,Sn, with x < 0.?5, the crystalline Ni;Sn,
disappeared with increasing MA as it was replaced by amorphous Ni,sSn,s.

For x > 0.25, a-Ni was consumed as the amorphous Ni7SSn25 formed. For an
initial mixture of nickel and tin powders with average composition Ni755n25,
both crystalline compounds were consumed simultaneously during MA leading to
the formation of amorphous Ni,gSnyg. The authors notice that the sub-
structure of tin in Ni;Sn, can be derived from a diffusionless
transformation applied to the lattice of pure tin (see Fig. 8 in Tiainen and
Schwarz, 1988), and thus the nickel-tin system violates the third condition
for the synthesis of amorphous alloys by SSAR, discussed earlier. The
authors propose thar the easy formation of Ni;Sn,, during the early stages
of MA results from the diffusion of nickel into pure tin, without the need
for the long-range diffusion of tin, i.e., by the same mechanism that
operates during SSARs.
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FIGURE CAPTIONS

Fig. 1. Evolution of the solid-state amorphization reaction at the
interfaces of a multilayer system of crystalline films of pure A
and B (a), annealed at temperature T, for time t_ (b). T, is the
crystallization temperature of the amorphous alloy. Th letters a,
b, and c, correspond to those in Fig. 2.

Fig. 2. Resistance of a multilayer system of Ni and Zr thin films during
the continuous heating and cooling at 10 K/min. The thermal cycle
has been repeated twice. During the second cycle the resistance
follows the line f-g traced during the cooling part of the first
cycle. The letters a, b, and c correspond to those in Fig. 2.

Fig. 3. X-ray scattering intensity as a function of scattering angle for
Au-La multilayers. Curves (a), (b), and (c) are for annealed
samples with compositions Au-rich, equi-atomic, and La-rich,
respectively. Curve (d) is for an unreacted (as deposited)
multi’. yer with composition similar to that of curve (b).

Fig. 4. Schematic phase diagram (a) for a binary system, AB, with a



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10.

negative heat of mixing in the liquid state, and corresponding
free-energy diagram at the temperature T, (b). The bars at the

bottom of the figure give the GFR predictcd for the MA and the SSAR
synthesis methods.

Scanning electron micrograph of Ni and Ti powder after 0.5 h of MA.

Scanning electron micrograph of tha cross section of a flake-shaped
particle shown in Fig. 5.

Scanning electron microg: ph of Ni and Ti powder after 25 h of MA,

Scanning electron micrograph of the cross section of the amorphous
particles shown in Fig. 7.

X-ray diffraction intensity as a fuuction of wavenumber K for a

mixture of Ni and Ti powders mechanically alloyed for 2, 5, and 25
h.

Cemparison of the glass-forming ranges of rapidly solidified and
mechanically alloyed Ni-Zr, Co-Zr, and Fe-Zr (from Hellstern,
Schultz and Eckert, 1988).
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